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In vivo tissue development involves a plethora of interactions between cells and their extracellular surroundings via cascaded molecular recognitions, [1] which subsequently regulate intracellular signal transduction pathways for cellular behaviors and functions. [2] For example, during wound healing, fibroblast-tomyofibroblast differentiation, essential for prompt wound closure, and granulation tissue formation, require the presence of platelet-derived growth factor (PDGF) for fibroblast chemotaxis, and activated transforming growth factor (TGF)-β for new extracellular matrix (ECM) synthesis in the wound site. [3] As such, it will be of great benefit for the temporary exogenous template to partially if not fully recapitulate these vital regulatory events happened in biomaterial-guided tissue formation. The advances of biomaterial science and microfabrication technology enable the development of biomimetic matrices that partially recapture some key physicochemical characteristics of the natural cell-growing environment in a given tissue, e.g., microor nanofibrous scaffolds, biological gel systems (e.g., collagen gel, fibrin gel, and Matrigel), and so on. [4] However, limited by the fabrication processes, such ECM-like analogs often miss the unique temporal and spatial complexity of cells and biomolecules compared to their natural counterparts, which deliver regulatory cues for cell differentiation and tissue morphogenesis. [5] The established 3D bioprinting systems could potentially yield complex tissues with spatially controlled organization of cells and biomolecules. However, several associated challenges such as printing resolution (typically >200 µm), cell viability for long-term culture, and limited printable biological materials determine their difficulty of recapturing the complex microenvironment of native ECM for individual cells. [6] As a matter of fact, development of the capability to spatially control the distribution of cells and relevant biomolecules on an ECM-like substrate in vitro would not only facilitate mechanistic understanding of cell-cell and cell-biomolecule interactions, but also provide an avenue to correlate cell phenotypic expression with various surfaces in a high-throughput manner, [7] help to identify effective tissue-engineering scaffolds and develop biofunctional Advances in nano-/microfabrication allow the fabrication of biomimetic substrates for various biomedical applications. In particular, it would be beneficial to control the distribution of cells and relevant biomolecules on an extracellular matrix (ECM)-like substrate with arbitrary micropatterns. In this regard, the possibilities of patterning biomolecules and cells on nanofibrous matrices are explored here by combining inkjet printing and electrospinning. Upon investigation of key parameters for patterning accuracy and reproducibility, three independent studies are performed to demonstrate the potential of this platform for: i) transforming growth factor (TGF)-β1-induced spatial differentiation of fibroblasts, ii) spatiotemporal interactions between breast cancer cells and stromal cells, and iii) cancer-regulated angiogenesis. The results show that TGF-β1 induces local fibroblast-to-myofibroblast differentiation in a dose-dependent fashion, and breast cancer clusters recruit activated stromal cells and guide the sprouting of endothelial cells in a spatially resolved manner. The established platform not only provides strategies to fabricate ECM-like interfaces for medical devices, but also offers the capability of spatially controlling cell organization for fundamental studies, and for highthroughput screening of various biomolecules for stem cell differentiation and cancer therapeutics.
chips. [5, 8] Tremendous efforts have been made in recent years to establish such capabilities, especially with the assistance of micro-electromechanical systems (MEMS), for patterning biological agents onto planar surfaces such as glass and hydrogel surface. [9] [10] [11] In the case of cell patterning, three strategies can be taken: dip-pen nanolithography, [12] micro-or nanocontact printing, [13, 14] and bioink printing (BIP). [15, 16] Compared to the former two, exhibiting high printing resolution (sub-50 nm resolution, for details see the review in Kim et al. [17] ), BIP, a computer-aided technique, exhibits broader application potential for biochips, biosensors, DNA arrays, and delivery of active proteins. [18] [19] [20] [21] [22] Among all the BIP methods, inkjet printing (IP), the most popular one for its accuracy, versatility, and cost/ time effectiveness, allows high-speed patterning with foreseeable utility in high throughput. [23] Typically, aqueous solutions of biomolecules [24, 25] or cell suspensions [26] [27] [28] are loaded in the cartridges and then printed onto the 2D substrates following computer-designed patterns. Despite its capability of depositing multiple cell types to emulate natural tissue organization, direct cell printing faces immediate challenges in maintaining cell viability and preferred phenotype especially upon a prolonged exposure to the printing "ink" (in most cases, optimal for printing but not for cells) and experiencing shear stress from printing nozzles. [29, 30] Biomolecule-guided cell patterning offers another means to control cell morphology, [31] organization, [32] and functions. [33] However, this strategy has yet to be proven for its multicell micropatterning capabilities. Furthermore, the intrinsic attributes of substrates may also influence the adhesion of proteins and consequently cells. Increasing evidence demonstrates the superiority of ECM-like fibrous matrices in maintaining cell phenotype. [34] In this regard, the combination of BIP and ECM-like substrates would be of great benefit by means of creating biomimetic microenvironment with spatiotemporal cues to guide tissue formation. In contrast to the efforts of patterning biomolecules onto smooth surfaces, e.g., glass and biological gel, printing of biomolecules (such as growth factors/cytokines) onto electrospun (ES) fibrous matrices represents several immediate advantages including the ECM-like fibrous morphology and dimension, compositional flexibility for customization of ES matrices and biomolecules, and better emulation of the biomolecule "reservoir" of native ECM fibers for inducing desirable cellular activities similar to the in vivo circumstances. Thus, the overall innovation really rests on the unique combination of additive inkjet printing (applicable to a variety of biomolecules) and electrospinning (applicable to a wide range of materials) for possible formulation of cell-specific ECM-like microenvironment. Considering the noncontact nature of inkjet printing, the final shape of the printed patterns significantly depends on the diffusion of "bioink" across the substrate. Herein, we first correlated the printing output (e.g., resolution, repeatability, and shape) on ES fibrous matrices with several key parameters (e.g., the physicochemical properties of fibrous matrices, printing drop size (DS), and interdrop distance (DD)) using a piezoelectric printer ( Figure 1A ; Figure S1 , Supporting Information). Using the established platform, we studied the growth-factor-induced and dose-dependent fibroblast-to-myofibroblast differentiation and cancer-stroma interaction. All these demonstrations prove that BIP is effective to pattern multiple types of cells on the ES matrices, and the combined IP/ES matrices provide a robust biomimetic platform to study cell-cell and cell-matrix interactions, and ultimately facilitate the advances of tissue engineering and regenerative medicine.
ES fibrous matrices have shown great promise in promoting tissue formation as a result of their morphological and dimensional similarity to native ECM fibers and fibril bundles. [35] [36] [37] When printing aqueous biomolecule solutions onto such fibrous matrices, the matrix surface properties such as wettability and fiber orientation would influence the printing resolution. To elaborate the correlation, ES fibrous matrices fabricated from either polycaprolactone (PCL) (8%, w/v), or type I collagen (8%, w/v), or their blends at different ratios [3:1(3P1C), 1:1 (2P2C), or 1:3 (1P3C)] were used for biomolecule printing mainly because of their biocompatibility and the ability to tune the wettability upon blending. By tuning the electrospinning conditions, the obtained ES matrices all exhibited similar fiber organization (isotropic) and comparable average fiber diameter (835 ± 332 nm, data not shown). Increasing the hydrophilic collagen amount in ES fibers could offset the hydrophobicity of PCL and yielded ES matrices with improved wettability as shown by decreased contact angle ( Figure 1B -ii). For those fibers with collagen higher than 50% (w/w), i.e., 2P2C, 1P3C, and pure collagen, the ES matrices become hydrophilic. To better visualize the region of interest (ROI), the "ink" solution containing a fluorescently labeled model biomolecule [i.e., tetramethylrhodamine-conjugated bovine serum albumin (TRITC-BSA), 1% w/v] was printed onto various fibrous matrices (n = 5) using a piezoelectric inkjet printer (Dimatix Materials Printer DMP-2800) following the input AutoCAD patterns with 90 µm DD (sufficient to avoid the interdrop overlap). Upon water evaporation, the remaining biomolecules of the "ink" attached to the ES matrices and formed a nearly round dot (Figure 1B-i; Figure S2 , Supporting Information). The area of each round dot of ROI (n = 20) was measured using ImageJ (NIH, version 2.0.0). With the "ink" DS of either 6 or 10 pL, the dot area showed a similar correlation with the wettability of ES matrices, i.e., the area increases over the increase of wettability ( Figure 1B ). The most hydrophobic surface, PCL ES matrices, yielded the smallest dot area, 25 ± 10 µm in diameter, using 6 pL DS. Interestingly, the dot area printed on a glass coverslip, which had a contact angle similar to 1P3C ES matrices, was much smaller than that on 1P3C matrices, and even slightly smaller than that of PCL matrices ( Figure 1B -iii). This observation suggests that, besides surface wettability, surface roughness (glass vs ES matrices), especially the capillary effect from the interfiber channels of ES matrices, [38] would facilitate the diffusion of the printed "ink" solution and ultimately increase the area of resulting patterns. To better understand the effect of ES matrices on biomolecule distribution, fluorescein isothiocyanate-conjugated BSA (FITC-BSA) was printed onto TRITC-labeled PCL or 2P2C fibrous matrices. Examination of the transverse sections of printed matrices revealed that hydrophobic ES matrices (PCL) allowed the ink drop to penetrate deeper across the matrices than the hydrophilic one (2P2C) ( Figure S3 , Supporting Information). Similarly, varying fiber arrangement (e.g., randomly oriented or isotropic vs directionally oriented or anisotropic) within ES matrices would change the organization of interfiber channels, which leads to differential solution dispersion and consequently www.advmat.de www.advancedsciencenews.com influences the resulting patterns. Indeed, deposition of FITC-BSA drops (1% w/v, 10 pL DS) onto PCL ES matrices with either isotropic or anisotropic fiber organization showed different shapes, i.e., round dots versus oval dots ( Figure 1C -i,ii). Measurement of the dot area by ImageJ revealed that the average area for both shapes was comparable while on the anisotropic ES matrices the long axis of oval dots followed the fiber orientation, resulting from the elevated spread along the fiber orientation ( Figure 1C -i',ii'). By controlling the voltage of piezoelectricity, it is possible to tune the size of DS between 5 and 10 pL. A nearly linear correspondence between DS and the printed dot area was observed on individual ES matrices ( Figure S4 , Supporting Information). The fluorescence intensity of each dot on the same matrices was also measured and it was found that the dot-to-dot variation was minimal (within 8%) and the fluorescence intensity within the dot was rather uniform, indicating a high printing accuracy and repeatability ( Figure S5 , Supporting Information). The printing accuracy was further demonstrated by repeated deposition of biomolecules onto the same location of the ROI upon multiple printing cycles (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Despite an increase of lateral length due to solution dispersion ( Figure 1D -i,ii), the fluorescence intensity of the printed area was a linear function of the printing cycles ( Figure 1D -iii). Furthermore, the printing accuracy was also verified by using two different biomolecule models (TRITC-BSA and FITC-BSA) along with the intention to print multiple biomolecules. Once again, the biomolecules could be deposited on the ES matrices in appositional, segregated, or overlayered manner ( Figure S6 , Supporting Information). Examination of the printed region by scanning electronic microscopy ( Figure S7 , Supporting Information) showed that ES matrices maintained their original fiber morphology and dimensions, except those of pure collagen fibers, fusing into a continuous film, which might result from their high water-swelling capacity and low mechanical stability. [39] During printing, the ambient temperature would also affect the printing outcomes. Higher temperature could facilitate solvent evaporation and limit solution diffusion for a smaller area. However, to ensure the bioactivity of printed molecules, room temperature was adopted for all the printings.
In the endeavor to explore printing versatility and accuracy, we printed fibronectin (FN) onto isotropic PCL ES matrices following the patterns with designated shapes (circle, rectangle, triangle, and square) and sizes (50, www.advmat.de www.advancedsciencenews.com for the first three shapes and 70, 140, 280, 560, and 1120 µm for the squares). The ester groups of PCL would interact with the amino groups of FN and many other biomolecules (e.g., laminin and TGF-β 1 ) via hydrogen bonding. To affirm the bonding of FN with PCL nanofibers, PCL nanofibers (100 nm in diameter) were specifically prepared and printed with FN. Upon staining for contrast with 1 wt% aqueous solution of uranylacetate, of which the positive charge can specifically bind to negatively charged carboxylic acid of FN, the adhesion of FN onto PCL nanofibers was examined with a transmission electron microscope (TEM). Indeed, FN clustered on the PCL fiber surface even after multiple vigorous rinsing with deionized water ( Figure S8 , Supporting Information). With the demonstrated strong bonding of FN with PCL fibers, high printing accuracy is expected. As shown in Figure 2 and Figure S9 (Supporting Information), the resulting shapes and dimensions closely followed the designed ones with a high fidelity (>99.8% in relation to the design). Besides, the effect of patterned FN on cell adhesion and spreading was studied by culturing mouse smooth muscle (MOVAS) cells on these PCL ES matrices. MOVAS cells have a high affinity for FNs [40] and preferably adhered to the patterned FN regions (Figure 2A ; Figure S9 , Supporting Information). Similarly, cultured breast cancer cells (MDA-MB-231) on the ES matrices with an array of 200 µm round FN dots yielded the identical cell organization despite a few cells off the patterns ( Figure 2B ). MCF-7 breast cancer cells and mouse pancreatic endothelial cells (ECs; MS-1) were also used to demonstrate the formation of 100 µm dot arrays and blood-vessel-like patterns, respectively ( Figure S10A ,B, Supporting Information). However, cultured MS-1 cells on the array of smaller FN dots (25 µm) showed that individual MS-1 cells could stick to one dot, but many (>50%) also reached out to the neighboring dots ( Figure S10C www.advmat.de www.advancedsciencenews.com we studied the contribution of cell seeding density to cell patterning accuracy. A density of 3.5 million cells mL −1 , which was calculated based on the full coverage of 22 mm × 22 mm coverslips by nonspread MOVAS cells (≈20 µm in diameter) with intercellular separation of 10 µm, and a diluted density of 1.0 million cells mL −1 was adopted to seed MOVAS onto 50 µm FN lines on PCL ES matrices. At a high seeding density, typically three to four cells attached across the 50 µm FN line, while at the diluted density only one to two cells were seen. Further culturing revealed that cells at the high seeding density not only fully occupied the 50 µm FN lines but also grew out to form much wider cell lines, ≈100 µm in width ( Figure S11, Supporting Information) . In contrast, the diluted seeding density enabled the formation of 50 µm cell lines similar to FN lines. With the diluted seeding density, we further studied how MOVAS cells responded to various FN patterns (i.e., circle, triangle, square, and rectangle) with 50 µm dimension. Surprisingly, except the rectangular ones, all others exhibited the incapability of confining MOVAS cells within the patterned FN ( Figure 2C ), probably due to the limited FN area, not enough for more than three spreading cells, and the biocompatibility of PCL ES matrices for cell spreading. During the initial cell seeding, cells were temporarily confined to the FN area, as a result of selective adhesion of MOVAS to the highly adhesive FN; however, upon further culturing, cells migrated out of the FN domains without any preferred orientation. This observation differs from those with cell-repellent surfaces, [41] in which cell growth was limited to the adhesive molecule-printed regions. Unlike MOVAS cells, a majority of MS-1 cells with a cobblestone-like morphology could better remain within all the 50 µm FN patterns ( Figure 2D ) likely because of their smaller spreading size. To further understand the printing shapeinduced cellular response, cells cultured on PCL ES matrices with three distinct FN shapes, rectangular, round, and triangular, were analyzed by means of cell nucleus shape and orientation (n = 90). Interestingly, a majority of cells (>70%) on the triangle prints had the nuclei angle around 50°-60°, while on the round prints remained random with no-preferred nucleus orientation. Cells on the rectangular prints somehow showed preferred orientation of nuclei with the angels either smaller than 30° or larger than 150° (>73%), but nucleus circularity close to 1 (0.84 ± 0.09) similar to those on the round prints (0.84 ± 0.07) ( Figure S12 , Supporting Information). Thus, the printing FN shape regulates both the spatial distribution and morphology of attached cells.
Recognizing the essence of spatially distributed growth factors in regulating cellular activities and functions in native tissues, it becomes desirable to develop the capabilities of fabricating ECM-like surfaces with patterned growth factors, [16, 42] allowing for the study of cell-to-biomolecule responses in physiologically relevant settings. For example, during wound healing, the elevation of contractile myofibroblasts involves three key local events: i) accumulation of active TGF-β 1 , ii) presence of specialized ECM proteins like fibronectin, and iii) high extracellular stress. [3, 43] To better unveil such intertwined regulations with a particular interest in the dose-dependent induction of myofibroblastic differentiation by TGF-β 1 , TGF-β 1 , and FN were sequentially deposited onto the surface of PCL fibrous matrices (Figure 3A) .
With precisely controlled printing of multiple layers of TGF-β 1 (100 ng mL −1 solution) to the same location, it was possible to modulate the TGF-β 1 amount deposited on the fibrous matrices ( Figure 3B ). To verify the printing accuracy, TRITC-BSA solution was printed onto the PCL fibrous matrices using 90 DD and 10 pL DS ( Figure 1D-i) . With repeated printings, the resulting area proportionally increased for the first five layers and then reached a plateau ( Figure S13 , Supporting Information). A high reproducibility was achieved for all the printed arrays with a negligible dot-to-dot deviation (less than 3%). Examination of the cross-sections of all the TRITC-BSA printed matrices ( Figure 1D -ii) revealed that TRITC-BSA remained in the superficial zone of the nanofibrous matrices except for lateral expansion. When large round dots (φ = 500 µm) of TRITC-BSA were printed onto the fibrous matrices using 10 pL DS and 20 µm DD, as shown in Figure S14 (Supporting Information), the fluorescence intensity was rather uniform across the dot. Following the same setup, 500 µm round dots of TGF-β 1 with varying layers (1, 3, 7, and 10) followed by one layer of cell-adhesive FN ( Figure 3C) were printed on the PCL fibrous matrices. Upon seeding with normal human dermal fibroblasts (NHDF at passage 4), the cells preferably attached to the TGF-β 1 /FN dots and became confluent prior to their isotropic migration out of the printed dots. TGF-β 1 was known for its ability to induce the fibroblast-to-myofibroblast differentiation. [44] However, it was unclear whether TGF-β 1 retained bioactivity after inkjet printing. Thus, cells cultured in the media containing 0 or 10 ng mL −1 exogenous TGF-β 1 were included as negative control (NC) or positive control (PC). After culturing for 3 d, cells were immunostained for α-smooth muscle actin (α-SMA), a marker for myofibroblastic differentiation. As shown in Figure 3D ,E and Figure S15 (Supporting Information), the number of α-SMA positive cells increased with the increase of TGF-β 1 layers and the TGF-β 1 concentration in the media. Quantification of α-SMA positive cells normalized by the total number of cells in the field showed a dose-dependent differentiation of fibroblasts and 10-layered TGF-β 1 dots led to ≈42 ± 3% myofibroblastic differentiation, comparable to PC (41 ± 2%) ( Figure 3F ). Different from the ubiquitous differentiation induced by media-containing TGF-β 1 , myofibroblastic differentiation on PCL fibrous matrices with printed TGF-β 1 confined mainly to TGF-β 1 dotted area ( Figure 3D ), suggesting that TGF-β 1 -regulated fibroblast-to-myofibroblast is a localized event. This was further evidenced by spatially controlled myofibroblastic differentiation of NHDF on 2P2C ES matrices with parallel TGF-β1 lines (500 µm wide and 1 mm apart) ( Figure S16 , Supporting Information). These results also indicated that TGF-β 1 printed on the PCL nanofibers remains biologically active. In a separate experiment to determine the stability of printed biomolecules on PCL ES matrices, we found that FNs were still detectable even after 1-week incubation in media ( Figure S17, Supporting Information) , implying a high affinity of biomolecules to ES matrices. The capability of spatially controlling cellular activities on ECM-like substrates via localized biomolecules, similar to native circumstances, provides not only an avenue to study cell-biomolecule interactions in a physiologically relevant microenvironment, but also an effective approach to identify the regulatory cocktail for lineage differentiation of stem cells. [45] This information is particularly valuable for high-throughput and cost-effective screening with limited amount of biomolecules (e.g., only 0.177 ng TGF-β 1 was needed to print 36 of 500 µm 10-layered TGF-β 1 dots on one 22 mm × 22 mm coverslip in comparison to 20 ng per coverslip in PC group, Figure 3B ).
Cumulative evidence has highlighted the pliability of cell phenotype and its adaption to the residing microenvironment, primarily involving cell-cell, cell-matrix, cell-biomolecule, and cell-physical stimuli interactions. [26] In tumor development, the mutual regulations between tumor cells and their stroma, mainly composed of fibroblasts, adipocytes, immune cells, and blood vessels besides ECM, [46, 47] would modify the surrounding stroma accordingly with cancer-prone attributes and lead to the cell phenotypic alteration, e.g., transformation and metastasis, [48, 49] which consequently contributes to the heterogeneity of tumorigenesis. The typical in vitro co-culture model, i.e., mixing different cell types together, can neither represent the spatial architecture of native tumor-stroma interactions, nor capture temporospatial tumor progression. In contrast, the established inkjet printing technology may offer a unique opportunity to organize various cells on an ECM-like matrix following the native scenario of tumor-stroma interaction. To this end, PCL fibrous matrices with 200 µm FN dots were first seeded with breast cancer cells (MCF-7) and then seeded with adiposederived stromal cells (ASCs, passage 4, 5000 cells per scaffold) ( Figure 4A) . As seen in Figure 4B , MCF-7 cells attached to the FN dots while ASCs occupied the open space between FN dots, partially replicating the in vivo circumstances. Upon culture for designated periods, cells were fluorescently stained for α-SMA, E-cadherin, F-actin, and nuclei (4′,6-diamidino-2-phenylindole (DAPI)). With the extension of culture, more α-SMA positive ASCs were seen around the MCF-7 clusters ( Figure 4B ) and by 3 weeks about 70% of them became α-SMA positive ( Figure 4C ) in contrast to less than 5% for ASC alone controls ( Figure 4B-iv) . In vivo, cancer-associated fibroblasts (CAFs), a mixture of fibroblasts and myofibroblasts, are often observed in the stroma of tumors. The increase of myofibroblast population is intimately associated with the malignancy development of a tumor. [50] In human tumor xenograft models, CAFs isolated from tumor sites were able to promote tumor growth in comparison to those from nontumors sites. [51] Increasing evidence suggests that cancer cells not only initiate myofibroblastic differentiation of stromal cells but also maintain their activated phenotype in vivo. [52] Indeed, we observed the persistence of α-SMA positive cells for up to the designated experimental time (4 weeks) ( Figure 4D of MCF-7 with ASCs (4500 cells per scaffold) could help keep MCF-7 cells in clusters with the maintenance of intercellular adherent junctions (E-cadherin) ( Figure S18 , Supporting Information) and better detained to FN-patterned areas, distinct from those cultures with MCF-7 cells alone, which migrated out of the original clusters as early as 2 weeks ( Figure S19 , Supporting Information). However, this circumstance became different for those co-cultures with a lower ASC seeding density (1000 cells per scaffold). Immunostaining for E-cadherin revealed that MCF-7 cells formed the adherent junctions in the beginning of the culture and then gradually became scattered and infiltrated the ASC-dominated regions in parallel with the appearance of α-SMA positive cells ( Figure 4D ). By 4 weeks, a majority of MCF-7 cells lost their intercellular junctions and assumed an elongated morphology ( Figure 4D -iv), indicating the cells undergoing an epithelial-mesenchymal transition and acquiring a metastatic phenotype. [53] Apart from the recruitment of stromal cells into CAFs, cancer cells also secrete multiple angiogenic factors such as basic fibroblast growth factor, PDGF, and vascular endothelial growth factor, to promote tumor angiogenesis for nutrition supply toward neoplastic growth. [54] [55] [56] [57] In fact, tumor angiogenesis has received a particular attention in therapy by means of starving tumors via diminishing blood supply. [58] Thus, setup of a cost-effective in vitro model that can recapitulate tumor angiogenesis would be highly appreciated for fundamental understanding of cancer/vasculature inter-regulation and development of therapeutics for cancer therapy. In alignment with such a demand, we undertook a simplified yet physiologically based strategy by: i) patterning endothelial cells (MS-1) into microvessel-like lines, ii) laying down the suspension of MCF-7/collagen gel (0.5 mg mL −1 ) onto 200 µm FN dots with defined distances (500 and 700 µm) from the endothelial line, and then iii) seeding ASCs to the remaining area of PCL fibrous matrices (Figure 5A) . Figure 5B illustrates: i) the formation of 100 µm endothelial line, and ii) the attachment of ASCs to the area between endothelial line and cancer clusters. After 1 and 2 weeks in culture, cells were immunostained for platelet-endothelial cell adhesion molecule-1 (or CD31), a marker for endothelial cells, to visualize endothelial sprouts. The co-culture was stained with TRITC-conjugated phalloidin (F-actin) and DAPI (nuclei) ( Figure 5C,D; Figure S20 , Supporting Information). The presence of MCF-7 cells in the coculture promoted endothelial sprouting from the endothelial line toward the MCF-7 clusters. Compared to cultures without MCF-7 cells, endothelial sprouting in the presence of MCF-7 cells could reach as far as 700 µm to the edge of the MCF-7 clusters after 2 weeks ( Figure 5E ). Closer examination revealed that ASCs elongated perpendicular to the endothelial line with a direct connection with MCF-7 clusters, and endothelial sprouting closely followed the orientation of ASCs ( Figure S21 , Supporting Information), suggesting that activated ASCs (or CAFs) may serve as the "railways" to guide tumor angiogenesis. Evidence has demonstrated the possible involvement of cancer-secreted PDGF and CAF-expressed PDGF receptors in angiogenesis. [59, 60] Further studies are needed to elaborate the effects of ASCs/CAFs on endothelial sprouting and angiogenesis, especially its directional guidance in combination with secretory factors from cancer cells, markedly different from that disorganized angiogenesis without ASCs (Figure S22 , Supporting Information). Clearly, this co-culture model offers a fast and simple way to monitor the endothelial sprouting process.
In summary, the established capability, i.e., readily depositing biomolecules (single or multiple types) onto biomimetic ES fibrous matrices with arbitrary shape, pattern, and dosage using the inkjet printing-based technology not only provides a strategy to fabricate multifunctional ECM-like interfaces for medical devices, but also offers the capability of spatially controlling the organization of various cells on ES matrices for fundamental studies (e.g., cell-cell, cell-biomolecule, and cellmatrix interactions), and for applications in high-throughput screening of various biomolecules for stem cell differentiation and therapeutics for cancer therapy. With extensive study on the effect of various parameters (e.g., solution drop size, interdrop distance and physicochemical properties of ES matrices), it becomes possible to achieve high printing resolution (φ = 25 ± 10 µm dot), accuracy (>99.8%), and reproducibility (<8% in variation), which is applicable to either single or multiple biomolecule printing and repeated printing. Importantly, the printed biomolecules remain on the ES matrices for as long as 1 week in the media. We have successfully demonstrated the utility of such biomolecule-printed ES matrices for studying the dose-dependent fibroblast-to-myofibroblast differentiation induced by TGF-β 1 , the mutual regulations of breast cancer cells (MCF-7), and stromal cells (ASCs), as well as tumor angiogenesis. Different from a smooth surface, deposition of biomolecules (e.g., FNs) directly onto ECM fibril-like surface can lead to the formation of biomolecule fibrous network, which is generally difficult to develop in vitro but essential to achieve biofunctions similar to in vivo conditions. [61] In combination with the flexibility to modulate the physicochemical properties of ES matrices (e.g., composition, fiber diameter, and stiffness), the biomolecule-printed ES matrices can recapitulate the multifunctionality of native ECM for desirable cell phenotype and subsequently functional tissue formation. Clearly, ES matrixbased 2D biomolecule printing technology exhibits the resolution, versatility, and flexibility that current 3D bioprinting lacks. In recognition of the essence of 3D culture in maintaining cell functions and signaling, [62] the current approach would need to be integrated with other technologies for creating complex 3D structures, for instance, the layer-by-layer stacking strategy to assemble multiple layers of biomolecule-printed ES matrices with or without seeded cells. [63] Thus, the established methodology has also foreseeable applications in tissue engineering by spatially patterning cells and biomolecules.
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